Abstract. In this paper, the mechanism of detonation to quasi-detonation transition was discussed, a new physical model to simulate quasi-detonation was proposed, and one-dimensional theoretical and numerical simulation was conducted. This study firstly demonstrates that the quasi-detonation is of thermal choking. If the conditions of thermal choking are created by some disturbances, the supersonic flow is then unable to accept additional thermal energy, and the CJ detonation becomes the unstable quasi-detonation precipitately. The kinetic energy loss caused by this transition process is firstly considered in this new physical model. The numerical results are in good agreement with previous experimental observations qualitatively, which demonstrates that the quasi-detonation model is physically correct and the study are fundamentally important for detonation and supersonic combustion research.
INTRODUCTION
The unique analytical solution for detonation is the Chapman-Jouguet detonation which propagates with a definite CJ detonation speed. However, a kind of unstable detonation propagating with about 50 percent of CJ detonation speed was frequently observed in experiments, which was called quasi-detonation [1] [2] [3] [4] [5] [6] . The experimental observations indicated that the quasi-detonation front has a double-discontinuity structure, which is constituted by a leading shock and a chemical reaction zone, but the interval between the leading shock and the reaction zone is much wider than the induction zone of CJ detonation. The experiments also showed that the thermodynamic properties of quasi-detonation cannot be interpreted by the classical theory, and the transition from detonation to quasi-detonation is precipitate. Although quasi-detonation was usually obtained in obstacle-filled tubes, it has generalized onedimensional properties and its propagation is quite independent of the details of the flow fields since it could occur even in smooth tubes [7] .
From the streak photograph obtained by Wagner [8] , it is demonstrated that the trajectory of the steady quasidetonation front is parallel to the c+ characteristics in burnt gases, and the propagation speed is quite close to the sound speed of the burnt gases. Lee [9] referred to this combustion regime as the choking regime. It seems that the thermodynamic parameters may play an essential role in quasi-detonation development and propagation since the sound speed depends only on the gas temperature. Oppenheim [10] derived the locus of the thermo-states downstream of the quasi-detonation front on the hypothesis that the front is of the CJ type, and called this particular locus a Q-curve. Shchelkin and Troshin [11] described the propagation of separate discontinuities with the relevant Hugoniot relationships, and referred to it as a generalized Hugoniot curve. Zhu et al. [7] theoretically analyzed the thermodynamic properties of quasi-detonation, and confirmed that the quasi-detonation is not of the CJ type, being completely different from CJ detonation. We were puzzled by the fact that quasi-detonation is not of the CJ type. Being not the CJ type means that the thermodynamic properties of quasi-detonation cannot be analyzed by the classical CJ theory. It also means that quasi-detonation cannot be numerically simulated because the present governing equations of detonation only give solutions of CJ type.
We were also puzzled that for the same chemical reaction energy input, the quasi-detonation exhibits a velocity being approximately 50 percent of the CJ detonation speed. Because the detonation speed is proportional to the square root of specific heat release of reactants, this means that nearly 75 percent of chemical reaction energy does not support the detonation propagation. Thus, the mechanism of quasi-detonation is completely different form CJ detonation, and the study on the mechanism becomes fundamentally important. Edwards et al. [12] suggested that the detonation velocity decrease is due to a partial heat loss. Chue [13] discussed two possibilities of the energy losses and disproved Edwards's suggestion. He argued that a heat transfer from quasi-detonation front to surroundings may exist because the temperature of burnt gases is significantly higher than that of surroundings; however, the heat transfer time scale from the burning gases to the tube wall is several orders of magnitude of the characteristic time associated with the quasi-detonation propagation. Therefore, the energy loss due to heat transfer is negligible. Secondly, the energy loss may be caused by the turbulence that is induced by the rough walls, which can cause the scattering of kinetic energy in detonation propagation direction to fluctuations in other directions. However, the detonation speed is insensitive to such little energy loss because it is only proportional to the square root of the energy. Therefore, the system energy losses cannot be the primary mechanism resulting in the speed decrease of detonation.
The study of Zhu et al. [7] confirmed that the thermodynamic states of the reactants between the leading shock wave and the flame front are not the thermodynamic properties introduced by the leading shock wave. The states of this region are influenced by both the original reactants and the combustion products. They thought that it is caused by the competition between the Taylor rarefaction waves and the SWACER (Shock Wave Amplification due to Coherent Energy Release). Gordon and Sivashinsky [14] assumed that the velocity decrease of detonation in rough tubes is caused by the obstacle drag, and they introduced a drag function into the source term of the momentum equation to model quasi-detonation. However, their model failed in simulating all the complexity of the quasidetonation process and was believed to capture the physical phenomena only in some average sense. More importantly, none of the above points of view can interpret the precipitate transition from detonation to quasidetonation. Therefore, the mechanism of detonation to quasi-detonation transition is still unknown now.
The motive of this study is to explore the mechanism of transition from detonation to quasi-detonation. In the first part, the thermodynamic properties of quasi-detonation are analyzed. It is confirmed that the quasi-detonation is caused by thermal choking. In the second part, a new physical model is proposed to simulate the flow field after thermal choking. One-dimensional numerical simulation is conducted and quasi-detonation is firstly obtained. In the third part, the numerical results are discussed and compared with existing experimental observations. In the last part, the conclusion of this study is given.
ANALYSIS OF THERMAL CHOKING CONDITION
In the constant area duct, the chemical release of energy may cause thermal choking of the supersonic flow in the duct. This occurs when sufficient thermal energy is added to the supersonic flow in the duct to reduce the flow Mach number to unity. The flow is then unable to accept additional thermal energy. Any attempt to further add energy results in a reduction of the mass flow through the duct, and a consequential spilling of surplus mass flow from the duct entrance. The flow is then said to be thermally choked.
The limit of maximum energy release to the flow in a constant area duct is given by the function of the free stream Mach number M 1 and the total enthalpy C p T 01 [15] .
By simple analysis, we can confirm that CJ detonation has just reach the thermal choking condition because the Mach number of the products relative to the detonation front is unity by classical CJ theory. For example, for the stoichiometric H 2 /Air mixture, the gas constant is R=368.9J/kg/K, the specific heat ratio γ=1.29, the constant pressure specific heat capacity C p =1640J/kg/K, the initial temperature T 0 =300K, and the initial pressure P 0 =1atm, respectively. The CJ detonation velocity is D CJ =1950m/s, the Mach number of CJ detonation M CJ =4.8, and the total enthalpy of the free stream H 0 =C p T 0 =2.8×10 6 J/kg, respectively. According to Eq.(1), the ratio of the maximum heat release to the total enthalpy is 1.0, thus the maximum heat release to the supersonic system is limited to ΔQ max =2.8×10 6 J/kg. The specific heat release of the one-step detonation model for stoichiometric H 2 /Air mixture is q=2.72×10
6 J/kg [16] . Making some notional allowance for the approximate nature of the analysis, it can be concluded that thermal choking just occurs to the CJ detonation.
By the same analysis progress, we can find that quasi-detonation is thermally choked. For the same chemical reaction system, the velocity of quasi-detonation is about D quasi =1050m/s, M quasi =2.7, and the total enthalpy H quasi =1.2×10 6 J/kg, respectively. According to Eq.(1), the ratio of the maximum heat release to the total enthalpy is 0.57, thus the maximum heat release to the supersonic system is limited to ΔQ max,quasi =0.68×10 6 J/kg, which is much lower than the specific heat release of detonable reactants. So, for the quasi-detonation, the flow field is already thermally choked and some self-adjustment to a new flow field will occur.
The classical CJ theory does not tell us what will happen after the flow field is thermally choked. We postulate that when the heat release to the flow filed is beyond the maximum heat calculated by Eq.(1), the flow filed becomes unstable and will change to a new quasi-stable state precipitately by itself to satisfy the limit condition of maximum heat addition. A large amount of energy is needed to support this self-adjustment process. This means that this part of energy does not support the propagation of the detonation any more. On this hypothesis, we propose a new physical model to simulate the quasi-detonation. And one-dimensional numerical simulate is conducted by using this new physical model in the following parts.
GOVERNING EQUATIONS AND PHYSICAL MODEL
The one-dimensional governing equations for CJ detonation is as follows. Viscous terms and diffusive effects are neglected because of their minor roles in determining the overall flow dynamics of detonation. The chemical reaction model is the classical one-step overall Arrhenius type chemical reaction kinetics.
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where, ρ, u, e, and Z are density, velocity, specific total energy, and chemical reaction progress parameter (i.e., the mass fraction of reactants), respectively. In Eq.(4), ώ is the mass production rate of products, K is the pre-exponential factor, T is the temperature in Kelvin K, and E a is the activation energy per unit mass of reactants, respectively. In the energy conservative equation of Eq.(5), the first term of the right hand is the internal energy, the second term is the kinetic energy, and the third term is the chemical reaction heat release.
Considering the above discussions on quasi-detonation, we introduce a new term φ into the energy equation to represent the part of energy which supports the transition process from CJ detonation to quasi-detonation. And we further postulate that this term φ is proportional to the local kinetic energy of the flow field. (6) and (7), we obtain the new energy equation of Eq.(8) for quasi-detonation. In this new model, the energy dissipation function C represents the portion of energy which is used to support the flow field selfadjustment after it is thermally choked. It is clearly seen that C=1 is for CJ detonation. At the present time, we do not know the exact function of parameter C, but we can firstly study the influence of C on the flow field properties by varying its value in numerical simulations to see whether quasi-detonation will occur. 
9 s -1 , respectively [16] . Detonation is initiated by smaller region of reactants with high pressure and temperature specified near the closed end, and then it propagates from left to right. ENO scheme and TVD Runge-Kutta method are applied [17] . The convective flux is split by Steger-Warming flux splitting method [18] . The uniform grid spacing is dx=0.1mm.The mirror reflection boundary conditions are applied on the closed end.
RESULTS AND DISCUSSION
By varying the values of parameter C from 1.0 to 3.0 in one-dimensional numerical simulations, we firstly simulated the transition from CJ detonation to quasi-detonation and obtained the structure of quasi-detonation. Figure  1 shows the detonation propagation speed with different values of parameter C. For C=1.0, the detonation is CJ detonation, and the propagation speed is 1950m/s. As the values of C increase from 1.0 to 2.7, the detonation speed slowly decreases to 1800m/s, being about 92 percent of CJ detonation speed. Chao et al. [6] also observed this kind of detonation propagating with about 90 percent of CJ speed in experiments, and they called it "sub-CJ detonation".
When we continue to increase the value of C to 2.8, a great change of the flow field occurs. The detonation speed precipitately decreases to about 1050m/s, and then keeps constant. The Mach number of quasi-detonation is M quasi =2.78. This speed is about 53 percent of CJ speed, which is equal to the speed of quasi-detonation. It can be thought that C=2.8 is a critical condition. Under this condition, transition from CJ detonation to quasi-detonation occurs precipitately. It can also be estimated for C=2.8 that nearly 65 percent of energy is absent from the detonation propagation, which is close to the fact that nearly 75 percent of chemical reaction energy is lost in quasi-detonation discussed above. The pressure profiles of CJ detonation, sub-CJ detonation, and quasi-detonation with different values of parameter C are plotted in Fig.2. From Fig.2(a) we can see that for C<2.8, these pressure profiles at the same instant are very similar. The detonation front is followed by rarefaction waves, and the point of zero velocity is nearly at the center point between the detonation front and the closed end. The only difference is that the sub-CJ detonation front is behind the CJ detonation front at the same instance because the speed of sub-CJ detonation is slower than CJ detonation speed. This means that the strength of rarefaction wave behind sub-CJ detonation is stronger than that of CJ detonation. This result demonstrates that CJ detonation and sub-CJ detonation have the same mechanism qualitatively. But the profile of quasi-detonation in Fig.2(b) is completely different from that of CJ detonation. Firstly, the length of rarefaction region is very short, and the zero velocity point is very close to the quasi-detonation front instead of at the middle point. Secondly, the pressure at and behind the front is much lower than that of CJ detonation. For instance, the pressure at the CJ detonation front is about 25atm, while the pressure at the quasi-detonation front is about 9 atm. This pressure of 9atm is just the pressure behind a normal shock wave of Ma=2.78. This result indicates that quasi-detonation and CJ detonation have different aerodynamic and thermodynamic properties, and thus must have different mechanism.
In order to further study the structure of quasi-detonation front, the profiles of temperature and chemical reaction progress parameter Z for quasi-detonation at C=2.8 are plotted in Fig.3 . The position of parameter Z decreasing from 1.0 to 0.0 indicates the position of the flame front. From this figure we can find that the quasi-detonation front is composed of a leading shock wave and a flame front. There two discontinuities, one is the leading shock wave, and the other is the combustion flame front. This double-discontinuity front structure is consistent with experimental observations [10] .
The flow field is divided into three regions by these two discontinuities, i.e., the region 0 in front of the leading shock wave, the region 1 between the shock and the flame front, and the region 2 behind the flame front. In region 1, the temperature first increases and then decreases to a much lower value. The thermodynamic properties of region 1 are not the states behind a normal shock wave. Thus it is not of a CJ type and cannot be interpreted by the classical CJ theory. This result is consistent with the discussion in the reference [7] . Figure 4 shows the profile of the gas Mach number relative to the quasi-detonation front. The flame front is also indicated by the dashed line of parameter Z in this figure. It can be seen that the Mach number in region 0 is M 0 =2.78. The flow in region 1behind the leading shock wave becomes subsonic, M 1 <1.0. The Mach number just in front of the flame front is less than 0.1. According to Eq.(1), the maximum heat addition to a stationary system is infinite. Behind the flame front, the gas is then accelerated to sonic, M 2 =1.0. This result reveals a new mechanism that when the system is thermally choked, a "pseudo-shock" is produced in front of the flame front. The pseudo-shock changes the supersonic flow to subsonic flow in order to increase the maximum energy addition to the combustion system to satisfy the condition of Eq. (1) . When this condition is satisfied by self-adjustment of the flow field, a quasi-steady condition of quasi-detonation is reached. We call the leading shock wave pseudo-shock here because the thermodynamic properties behind the pseudo-shock are different from that behind a normal shock wave. This result is consistent with the hypothesis made in the physical model. Other parameters such as density, velocity, and sound speed are also in good agreement with experimental observations qualitatively. They are not included in this paper because of the length limitation. They will be discussed in the subsequent papers.
CONCLUSIONS
In this paper, we first confirmed that quasi-detonation is of thermal choking by theoretical analysis and numerical simulation. Thermal choking makes the flow field change to a new quasi-steady state, where the leading shock wave, the chemical reaction heat release, and the maximum heat addition to the system reach a new equilibrium condition. Some amount of energy is consumed in this transition process instead of supporting the detonation propagation. A new physical model is proposed for quasi-detonation, in which the energy loss caused by supersonic combustion is considered. One-dimensional simulation is conducted and quasi-detonation is first obtained. The numerical results are in good agreement with previous experimental observations qualitatively, indicating that both the mechanism discussed and the physical model proposed for quasi-detonation is physically correct.
